keyhole limpet hemocyanin.
Enterotoxigenic Escherichia coli strains produce several enterotoxins, heat-labile types I and II (LT-I and LT-II), heat-stable type I (ST-I or STa), and heat-stable type II (ST-II or STb). These toxins produce diarrhea in animals and humans by increasing intestinal secretion (1, 33, 37) . LT-I, LT-II, and STa have been purified, analyzed, and characterized, and their modes of action have been shown to involve stimulation of adenylate cyclase by LT-I and LT-II and guanylate cyclase by STa (11, 26) . The mode of action of STb remains unknown, although it has been described as being different from those of LT and STa (12) . The fluid secretion caused by STb appears to be mediated by a mechanism different from the alterations in chloride ion secretion or sodium chloride absorption which occur with STa or LT (6, 40) .
The proposed gene for STb (estA) has been cloned and sequenced (15, 28) . On the basis of the nucleotide sequence, estA was postulated to code for a protein containing 71 amino acids, including a signal peptide of 23 amino acids and a 48-amino-acid-long mature toxin.
Purification and further studies of STb have been hampered by two problems. (i) Only limited amounts of toxin are produced by strains with the naturally occurring plasmids that contain estA (pCG86 and p307) or by a variety of constructed plasmids that contain estA. (ii) The only assay for determining STb levels is a cumbersome pig intestinal loop bioassay that measures toxin activity. In this report, we describe the construction of various plasmids and experiments performed to try to overcome these problems.
MATERIALS AND METHODS
Bacterial strains and plasmids. The gene for enterotoxin STb, estA, was obtained from plasmids pCHL6 and pUC9STb, * Corresponding author. provided by C. H. Lee (15) . All of the plasmids used are described in Table 1 . The host strains were E. coli MH3000 and TK1046 for pORF1 derivatives (41) . C600F, N99CI+, and N5151 were used as hosts for pKC30 and its derivatives (2, 31) . E. coli JM103 was used as the host for pDR540 and its subclones (42) . E. coli C strain 3456 was used as the host for pCHL6. P3, a wild-type strain of E. coli containing the gene for enterotoxin STb, estA, and 10405, a wild-type E. coli strain without estA, were used as controls in the bioassays. All of the strains used are listed in Table 2 .
Media. Bacteria were grown in tryptone yeast extract medium or minimal medium A supplemented with 0.25% glucose or 0.20% lactose. Clones were screened for lactose fermentation on MacConkey lactose plates or on 5-bromo-4-chloro-3-indolyl-4-D-galactopyranoside plates with or without isopropyl-,-D-thiogalactopyranoside (IPTG (20) . Transformation of E. coli strains was performed by the method of Kushner (13) . Colony hybridization. Colony hybridization was performed as described by Maas (18) . When oligonucleotides were used as probes, hybridization was performed in 6x SSC (1 x SSC is 0.15 M NaCI plus 0.015 M sodium citrate) at 23°C, and the stringent wash was performed in 6x SSC at successively increasing temperatures (23, 30, 38 , and 45°C) (42) .
In vivo radiolabeling. In vivo radiolabeling was performed by growing cells in 2 ml of modified minimal medium A with 1 ,umol of [35S]cysteine (specific activity, 12 mCi/mmol) for 24 h at 37°C. The culture supernatant was analyzed by sodium dodecyl sulfate-15% polyacrylamide gel electropho- resis (SDS-PAGE) (14) . The gel was silver stained (23) , soaked in 10% glycerol to prevent cracking, and dried under a vacuum on a backing of 3 MM filter paper. Kodak XAR-5 X-ray film was used for autoradiography with one Dupont Cronex Lightning-Plus intensifying screen.
Bioassay for enterotoxin STb activity. Bioassays for STb enterotoxic activity were performed by both C. Weikel and C. Gyles in ligated intestinal loops of 4-to 6-week-old weaned piglets as previously described (5, 36) . Neutralization of enterotoxin STb activity was determined by combining antisera to STb with the culture supernatant before injecting the supernatant into the intestinal loops. The volume/length ratios were determined and compared with those of controls, which included supernatant combined with preimmune sera and supernatant, antisera, or media alone.
Purification of fusion protein. The OmpF-STb-p-galactosidase tribrid protein was purified from a culture of strain TK1046(pPH14). Cells were harvested, washed twice in 50 mM sodium phosphate buffer (pH 7), and lysed by sonic oscillation at 5 to 10°C. The lysate was centrifuged at 15,000 x g for 30 min. The supernatant was subjected to 40% ammonium sulfate precipitation for 1 h and centrifuged at 10,000 x g for 30 min. The ammonium sulfate precipitate was suspended in Arg buffer (20 mM Tris hydrochloride, 10 mM magnesium chloride, 10 mM 13-mercaptoethanol [pH 7.5] ) and dialyzed against this buffer. The dialysate was brought to a final concentration of 1.6 M sodium chloride, purified by affinity chromatography by using a p-aminophenyl-13-D-thiogalactosidase CH-Sepharose 4B column as described by Ullmann (39) . Fractions were collected and analyzed for 1-galactosidase activity as previously described (25) . 1-Galactosidase-rich fractions were pooled and dialyzed against Arg buffer without sodium chloride. Final purification of the fusion protein was achieved by anionexchange chromatography using a Mono Q column attached to a fast-protein liquid chromatography system (Pharmacia). galactosidase tribrid protein and the synthetic STb peptide coupled to keyhole limpet hemocyanin (KLH) were elicited in rabbits by a previously described protocol (27) . The immunoglobulin fraction was prepared from immune sera as described by Harboe and Inglid (9) . Antisera to the OmpFSTb-4-galactosidase tribid protein and the STb-KLH-coupled protein were adsorbed against ,-galactosidose-Sepharose 4B and KLH-Sepharose 4B affinity beads, respectively. One-milliliter samples of whole sera were adsorbed with 1 ml of the affinity beads, each coupled with 10 mg of the appropriate protein.
Synthetic STb peptide. A synthetic STb peptide was constructed for use as a marker on SDS-PAGE and for antibody production. A 19-amino-acid segment of STb, containing six of the nine charged amino acids in the STb protein to allow enhanced antibody production, was synthesized by D. Schlesinger (22; Department of Cell Biology, New York University) (see Fig. 3 ). The synthetic peptide was coupled to KLH by a glutaraldehyde coupling procedure and subsequently used in antibody production.
Isolation of total RNA. A modification of a guanidinium isothiocyanate-hot phenol procedure was used (7). A 2-ml volume of a bacterial culture was grown to an A580 (Lumetron colorimeter) of 0.3. Bacterial cells were harvested, and pellets were washed with RNA buffer (8) . Cells were lysed by addition of 4 ml of 4 M guanidinium isothiocyanate, and the temperature was increased to 60°C. Water-saturated phenol preheated to 60°C was added to the lysis mixture. Four milliliters of chloroform-isoamyl alcohol (24:1) was added, and the lysate was left at 60°C for 60 min. Samples were cooled on ice and centrifuged at 4,000 x g for 10 min at 4°C. The aqueous phase was re-extracted with phenolchloroform as described above. Ether extraction was performed three times to remove the chloroform and residual phenol. The aqueous phase was mixed 1:1 with 4 M lithium chloride (43) , kept on ice for 2 to 3 h, and centrifuged at 10,000 x g for 10 min. The pellet was suspended in 5 mM EDTA, vortexed, boiled for 1 min, and centrifuged again at 10,000 x g for 10 min to remove undissolved material. The nucleic acids in the supernatant were precipitated twice with ethanol. The RNA was recovered by centrifugation and stored at a concentration of 10 ,ug/ml in sterile distilled water. The amount of RNA was measured by spectrophotometric reading, and an A260 of 1.0 corresponded to approximately 40 ,ug/ml for single-stranded RNA 
RESULTS
Hybrid plasmid construction. Several plasmids were constructed either to place the estA gene under the control of a strong promoter to create STb-hyperproducing strains or to create estA-lacZ fusions which would produce STb--galactosidase fusion proteins for use in antibody production. Figure 1 shows the construction of pKC30STb. (19) . pR3-76 is representative of the five clones with the promoter regions and portions of the sequence for the signal peptide of estA removed (Fig. 4) . The 1.1-kilobase (Kb) PvuI-BglII fragments from pR3 and pR65 were inserted into pCHL6 to reconstruct the complete sequence of the mature enterotoxin STb. activity equal to that of wild-type STb-producing strain P3 (Fig. 2) .
A second attempt to create an STb-hyperproducing clone entailed deletion of the upstream native control region of estA and inserting the estA gene under the control of the tac promoter. Furthermore, this construct fused estA to lacZ to score clones by measuring ,-galactosidase activity for presumptive concomitant STb hyperproduction (Fig. 3) . Hybrid plasmids (pR3-76) were obtained by selecting JM103 transformants for ampicillin resistance and scoring them for ,-galactosidase activity on 5-bromo-4-chloro-3-indolyl-,-D-galactopyranoside plates. Over 700 transformants were tested for the presence of the estA fragment by colony hybridization. Of those, 190 hybridization-positive transformants were tested quantitatively for ,-galactosidase activity (25) . Eight transformants with the highest ,B-galactosidase activities were selected to sequence the tac-estA region and determine what portion of the estA gene had been deleted. M13mpl9 clones for sequencing were obtained for only five of the eight transformants. All of the selected transformants demonstrated deletion of the native upstream control region of the estA gene and variable portions of the signal peptide region (Fig. 4) . All of these clones had high levels of Pgalactosidase activity, although less than that of parent plasmid pDB102 ( (Fig. 5) . These clones were then tested by in vivo radiolabeling for loss of the radiolabeled STb band and by bioassay for loss of enterotoxin activity. The SDS-PAGE gel and the autoradiogram of that gel (Fig. 6) Fig. 4. b The values reported are based on at least five separate measurements. approximate molecular weight of 40,000 which was not identified. Bioassay results confirmed that STb activity was present only in strains with an intact estA gene and absent wherever an insertion was made. Bioassay results for strain C600[pKC30STb(TAA)] are shown in Fig. 2 .
Fusion protein construction. The cloning strategy for construction of hybrid plasmid pPH14, which is capable of producing an OmpF-STb fragment-3-galactosidase fusion protein, is shown in Fig. 7. Plasmid pPH1 (Fig. 7) served as a control. Hybrid plasmids pPH1 and pPH4 were transformed into MH3000 and TK1046. Transformants were selected for ampicillin resistance and scored for 3-galactosidase activity on 5-bromo-4-chloro-3-indolyl-3-D-galactopyranoside indicator plates. Measurable 3-galactosidase activity, colony hybridization for the estA fragment, and restriction analysis confirmed the correct orientation for in-frame reading of the fused genes.
Antisera to STb. Strain TK1046(pPH14) was used to purify the fusion protein (OmpF-STb fragment-3-galactosidase), and this purified protein was used to raise antibodies in rabbits. Gel immunodiffusion demonstrated precipitin bands between the undiluted and 1:2 dilution preparations of antiserum and the fusion protein. Immunoblotting with undiluted anti-STb-p-galactosidase serum showed cross-reactivity with non-STb-producing strains. Testing of the antiserum to the fusion protein in the bioassay demonstrated blocking of enterotoxin activity of a standard STb-producing strain, whereas preimmune serum and anti-,-galactosidase serum showed no neutralization of the secretory action of the same STb-producing strain (data not shown). To obtain a more specific antiserum to STb, a 19-aminoacid peptide which contained six of the nine charged amino acids in toxin STb was synthesized (Fig. 4) immunodiffusion showed precipitin bands between supernatant preparations of C600(pKC30STb) that were concentrated 100-fold and STb-KLH antiserum that was undiluted or diluted 1:2. Immunoblotting with undiluted STb-KLH antiserum as the primary antibody and alkaline phosphatase-goat anti-rabbit immunoglobulin G-coupled antibody as the second antibody demonstrated detection of 150-to 300-ng quantities of the synthetic STb peptide but also showed cross-reactivity with supernatant and cytoplasm fractions of non-STb-producing strain JM103(pDB102). Similarly, Western blots (immunoblots) of 20% native polyacrylamide gels (Phastgel; Pharmacia) showed immunostaining of a low-molecular-weight band and a high-molecular-weight (approximately 65,000) band in 100-fold-concentrated supernatants of C600(pKC30STb) and JM103(pDB102). In the pig loop bioassay, anti-STb-KLH sera demonstrated enterotoxin-neutralizing activity against C600(pKC30STb). Eight milliliters of the culture supernatant of C600(pKC30STb) was incubated for 30 min with 0.5 ml of culture medium, preimmune serum, or anti-STb-KLH serum before injection into a pig loop intestine. The means of three volume-length ratio measurements for samples incubated with culture medium or preimmune serum were 3.20 and 3.13 ml/cm, respectively.
The mean volume-length ratio for samples incubated with anti-STb-KLH serum was 0 (n = 4).
Northern (RNA) blotting. Northern blots of total RNA from several strains were analyzed by hybridization with a 32P-labeled estA-containing probe. The following strains made no probe-specific RNA: JM103, C600F, C600F (pDB102), and C600F(pUC9STb). RNA 
